According to the classical incretin concept, glucagon-like peptide (GLP)-1 is viewed as a hormone produced in the intestinal L cells and acting via the circulation on satiety in the brain, gut motility, and insulin and glucagon secretion in the pancreatic islet. However, in contrast to typical hormones, plasma levels of GLP-1 are relatively low with a very short half-life. Furthermore, GLP-1 is rapidly inactivated by dipeptidyl peptidase-4 (DPP-4) in the vicinity of L cells within \<1 min from the secretion of the gut peptide ([@B1],[@B2]). This rapid metabolism of GLP-1 raises questions about how its effects are mediated on target organs such as pancreatic β-cells. In this review, we will discuss possible alternative pathways for the incretin effect on pancreatic islet. These involve L cell--derived GLP-1 via neuronal activation and α-cell--derived GLP-1 via auto/paracrine effects. Of note, GLP-1 is not acting alone, and its effect can be modulated by other factors including GIP. Since no data are available yet in the present context, we have limited this review to GLP-1.

GLP-1 in the gut-to-brain-to-periphery axis for the control of glucose metabolism {#s2}
=================================================================================

Recent rodent data show that GLP-1 can induce its metabolic actions by interacting with its receptors in extrapancreatic locations such as the gut to activate the submucosal and the myenteric nervous plexi ([@B3],[@B4]) and the brain, which then transmit the signal to peripheral tissues ([@B5]) within minutes from the absorption of glucose and lipids. The final aim of this axis is to anticipate the breakthrough of the nutrients into the blood and their better handling. Indeed, GLP-1 secreted from L cells can influence brain neuronal activities via an alternative neural pathway initiated by sensors in the hepatic portal region ([@B6]--[@B8]). Thereby, the vagus nerve transmits the metabolic information to the nucleus tractus solitarii in the brain stem, which relays the glucose signal to hypothalamic nuclei ([@B9]). This process is called the gut-to-brain-to-periphery axis. Seminal studies from our group showed that the direct infusion of glucose into the portal vein of mice at a low rate increased muscle glucose utilization through an insulin-independent mechanism ([@B10]--[@B12]). This process required the activation of the hepatoportal vein glucose sensor ([@B6]). The blockage of the portal GLP-1 receptor by exendin 9 directly into the hepatoportal vein or in GLP-1 receptor knockout mice ([@B8]) prevented the portal glucose sensor activation for the control of muscle glucose utilization ([@B8]) or insulin secretion ([@B8],[@B13]). Furthermore, the inhibition of the enteric DPP-4 by small doses of DPP-4 inhibitor improved glucose tolerance without increasing the blood concentration of GLP-1 through a GLP-1 receptor--dependent manner ([@B3]). In such conditions, the vagus nerve activity was increased in response to oral DPP-4 inhibitors, whereas the intravenous administration of the drug had no therapeutic effect, further suggesting the important role of enteric GLP-1 on the control of glycemia through the activation of the gut brain axis. Furthermore, the direct administration of the DPP-4 inhibitor into the rat portal vein significantly increased portal (but not peripheral) GLP-1 and insulin levels and decreased glucose concentrations ([@B14]). However, despite the large amount of experimental evidence described above showing the important role of GLP-1 on the gut-to-brain axis, a recent observation in mice suggests that the circulating GLP-1 could also directly access the brain and the β-cells and induce insulin secretion ([@B15]). Transgenic mice that expressed the human GLP-1 receptor in islets and in pancreatic ductal cells within the background of the GLP-1 receptor knockout mice were characterized by increased glucose-induced insulin secretion that was sufficient to normalize glucose tolerance, whereas no effect on food intake, hindbrain c-fos expression, or gastric emptying was observed ([@B15]). This new set of data suggests that part of the gut-released GLP-1 may resemble some of the incretin effect through a process not involving the gut-brain axis. Alternatively or additionally, the release of GLP-1 from an intraislet processing may contribute to triggering glucose-induced insulin secretion (see below).

A further demonstration of the role played by the GLP-1--dependent gut-brain axis is the recent analysis of the therapeutic role of GLP-1 receptor agonists on neuropathy in mice with diabetes owing to streptozotocin ([@B16]). The authors showed the presence of the GLP-1 receptor on the lumbar dorsal root ganglion by immunohistochemical analyses and further demonstrated that exendin-4 increases the neurite outgrowth. Importantly, the delayed current perception threshold and motor and sensory nerve conduction velocity impaired by type 1 diabetes, was improved by the GLP-1 agonist ([@B16]). Hence, gut-released hormone would further favor the gut-brain axis by controlling the enteric neural development. Similarly, a therapeutic role of the gut-brain axis has been proposed regarding the therapeutic efficacy of gastric bypass. Obese and diabetic patients who underwent this type of bariatric surgery lose weight within months and reverse their diabetes status within weeks from the surgery. It has been proposed that a hormonal characteristic is that these patients secrete large amounts of GLP-1 ([@B17]) that could even lead to uncontrolled insulin secretion and hypoglycemic episodes ([@B18]), although this still needs to be confirmed. However, numerous other peptides such as peptide YY, oxyntomodulin, and GLP-2 may be responsible for the activation of the gut-brain axis in patients with bypass surgery ([@B19]).

Altogether, the role of GLP-1 on the gut-to-brain-to-periphery axis is now considered a major mechanism of action of the gut hormone for the control of glycemia. Many controversial debates are ongoing regarding its role in the control of food intake. Similarly, the production of GLP-1 into the brain and the colocalized receptors have also been important fields of investigation in explaining the metabolic effect of this insulinotropic peptide.

α-Cell as a source of GLP-1 {#s3}
===========================

GLP-1 is spliced from its precursor proglucagon in intestinal L cells through processing by the enzyme PC1/3 ([@B20]--[@B23]). In the pancreatic α-cell, proglucagon is processed by PC2 to yield glucagon ([@B24],[@B25]). Adult α-cells are thought to produce little GLP-1. However, a switch of PC2 to PC1/3 is sufficient to convert the α-cell from a hyperglycemia-promoting cell to one that lowers blood glucose levels and promotes islet survival ([@B26]). Furthermore, several animal studies show that islet-derived GLP-1 may be stimulated by increased demand of insulin secretion, suggesting that locally produced GLP-1 may play a role in the long-term β-cell adaptation. Indeed, β-cell destruction with streptozotocin leads to hyperglycemia followed by β-cell regeneration associated with α-cell hyperplasia and pancreatic PC1/3 upregulation along with increased pancreatic and circulating levels of GLP-1 and GLP-1--to--glucagon ratio ([@B27],[@B28]). Interestingly, blocking GLP-1 reduced β-cell regeneration. Similarly, α-cell hyperplasia along with PC1/3 upregulation and GLP-1 production was observed in mouse models of insulin resistance including pregnant, *ob/ob*, *db/db*, and prediabetic NOD mice ([@B29]). When considered together, these studies strongly suggest that α-cell hyperplasia and release of GLP-1 play an integral role in β-cell regeneration. In line with this concept, α-cell hyperplasia occurs early in response to high-fat diet and preceding β-cell expansion and is required for β-cell adaptation ([@B30]).

The next step was to uncover the molecular trigger of PC1/3 with subsequent GLP-1 production in α-cells. Two important studies point to a direct effect of elevated glucose concentrations. Thus, in the *Psammomy obesus*, high-energy diet induces diabetes along with a significant increase of GLP-1 in the portal vein and pancreas extract ([@B31]). Isolated islets from hyperglycemic animals released more GLP-1 than in controls. This ex vivo effect was confirmed in vitro by culture of normal *P. obesus* islets with high glucose, which induced GLP-1 release. Similarly, high glucose concentrations increased PC1/3 in rat islets, while in an α-cell line glucose increased GLP-1 and decreased glucagon secretion ([@B32]).

An additional trigger of GLP-1 is interleukin (IL)-6. Indeed, type 2 diabetes and obesity are characterized by an activation of the innate immune system reflected by an increase in various inflammatory markers including elevated plasma levels of IL-6 ([@B33]). It was shown in mice that elevated IL-6 levels in response to exercise ([@B34]), as well as acute and chronic IL-6 administration in mice, can stimulate GLP-1 secretion from intestinal L cells and pancreatic α-cells leading to improved glucose homeostasis ([@B35]). In vitro, IL-6 increased GLP-1 synthesis and secretion from entero-endocrine L cells both acutely and chronically. IL-6 also increased GLP-1 synthesis and secretion from human pancreatic α-cells in association with increased proglucagon and PC1/3 transcription. Similarly, the beneficial effects of elevated IL-6 were shown in animal models of type 2 diabetes and obesity. Furthermore, IL-6 neutralization deteriorated glycemic control and reduced pancreatic GLP-1 content. Hence, IL-6 mediates cross-talk between insulin-sensitive tissues, L cells, and pancreatic islets to adapt to changes in insulin demand by increasing L-cell GLP-1 secretion and reprogramming α-cells to process proglucagon to GLP-1.

The question remains of the importance of α-cell--derived compared with systemic GLP-1. An argument against a significant contribution by the α-cell is the islet architecture. Indeed, in most rodents, β-cells compose the core of the islets while the α-cells form the mantle region. Furthermore, it is believed that the blood flow goes from the center to the periphery, making it difficult to imagine that GLP-1 released from α-cells could act on β-cells. However, in animal models of diabetes in which insulin secretion is decreased, normal organization of islet cells was found to be perturbed so that β-cells were intermingled with non-β-cells ([@B36]). Moreover, a study describing the architecture in human islets reported direct intercellular contacts between α- and β-cells, supporting the notion that α-cell products can act in a paracrine manner to regulate the β-cell ([@B37]). In support of this, acetylcholine secreted by α-cells acts in a paracrine manner to prime the β-cell to respond optimally to subsequent increases in glucose ([@B38]). Hence, release of GLP-1 directly into the islets at the vicinity of the β-cells might be a potent way to trigger cell survival and insulin production. Another issue is the activity of the GLP-1 species released by α-cells. Indeed, under normal conditions α-cells do not process proglucagon to active GLP-1 ([@B39]). However, metabolic stress appears to reprogram the α-cells, allowing processing of active GLP-1. Indeed, islet-derived GLP-1 activity was demonstrated in human islets using a bioassay and for mouse islet experiments using GLP-1 receptor antagonists and Glp1r^−/−^ mice ([@B35]). Furthermore, GLP-1 derived from human islets has been described ex vivo from patients with type 2 diabetes ([@B31],[@B40]). Importantly, the presence of a functionally competent GLP-1 system was recently demonstrated ([@B40]). Finally, in human islets, after IL-6 stimulation, the GLP-1--to--glucagon molar ratio is \>1.5 ([@B35]); therefore, it can be postulated that this is a meaningful phenomenon. Clearly, this hypothesis remains to be demonstrated by direct evidences.

Summary and proposed hypothesis {#s4}
===============================

In summary, we propose the following working hypothesis for the GLP-1 effect on the pancreatic islet ([Fig. 1](#F1){ref-type="fig"}). The acute postprandial-mediated incretin effect would be mediated mainly by GLP-1 released from L cells acting locally and via portal release into the liver on neuronal activation. Chronic trophic effects of GLP-1 on β-cells promoting survival and insulin production would be mediated via reprograming of the α-cell by increasing PC1/3. This would switch proglucagon processing from glucagon to GLP-1 allowing for auto/paracrine effects. The trigger for this long-term adaptation could be IL-6 released by insulin-resistant fat tissues by contracting muscles or by insulitis as well as hyperglycemia. Accordingly, the main action of DPP-4 inhibition may occur at the tissue rather than at the plasma level.

![Hypothetical model for the acute and chronic effects of GLP-1 on pancreatic islets.](S145fig1){#F1}

We do realize that several aspects of this hypothesis are controversial or not sufficiently supported by experimental data. In particular, the relative contribution of circulating GLP-1 versus neuronal and auto/paracrine remains to be clarified. Finally, most of the findings described were obtained using rodents, isolated human islets, or animal models; therefore, the in vivo relevance for humans remains to be demonstrated.
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